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1. SUMMARY

A cohort simulation model of forest growth and yield in the Solomon Islands is presented. The
model takes stand table information of the 12 common big tree species and simulates
recruitment, growth and mortality of cohorts through time on the basis of basal area increment
functions and size-specific mortality estimates derived over 1964-1994 from permanent sample
plots in natural forest on Kolombangara, Solomon Islands. A cohort is defined as a set of trees
on the same plot which are deemed sufficiently similar in size and condition to be grouped for
the purpose of simulation. Recruitment is modelled in a two-step process involving the
calculation of a total number of new recruits to be added to a plot, followed by partitioning this
total according to species-specific probability values. Total recruitment and species-specific
probability values are derived from empirical data on recruitment of the 12 species onto the
Kolombangara plots following a cyclone in 1967.

The model allows harvesting to be simulated according to user-defined logging rules and
felling cycle. Post-logging mortality is predicted from functions relating mortality of residual
stems on the Kolombangara plots to the degree of disturbance caused by the 1967 cyclone, and
both harvesting intensity and post-logging mortality are extrapolated forward into the
prediction of recruitment after lag periods of 7 and 10.5 years.

The major limitation of the current model is that cohorts are updated according to
parameters and functions obtained from plots in natural forest disturbed by a cyclone and not
in managed forests disturbed by logging. Therefore we recommend that the model be used a
tool for research and not as a guide to forest management. Future research should concentrate
on developments of the framework model presented here, and collecting and analysing data
from forests logged at known dates.



2. INTRODUCTION

The functions of a forest management model are to assist in the prediction of timber yield,
given a set of defined conditions, and to investigate the impact of varying those conditions
(Vanclay 1994). The alternative means of achieving these aims is by long-term sampling and
experimentation. A model provides information in a much shorter period and at lower cost, but
with a lower degree of confidence in the results than observations. Therefore models have the
potential to be an important component of forest management systems. In the tropics they
remain underutilised, often because of a shortage of reliable data for model construction or a
lack of resources. In this paper we outline a forest management model for tropical lowland rain
forest on Kolombangara, Solomon Islands, based on a modelling strategy developed by
Vanclay (1989) for tropical rain forest of north Queensland and elaborated by Alder (1995).
The aims of this paper are to give preliminary management guidance for Solomon Islands'
forests and to present a case-study of the approach advocated by Alder (1995).

A number of strategies for model development have been used to simulate forest change
over time (Vanclay 1994, Alder 1995). The relative merits of these strategies are linked to the
kind of information and the quantity of computing resources which are required to construct
and implement the model, and the relevance of the output to forest management. Process
models, such as the 'pipe' model (Waring et al. 1982) and carbon balance models (e.g.
Valentine 1988) are based on mathematical descriptions of physiological processes. The
number of parameters required to represent these processes prohibits their application to
forest management, especially in the case of highly heterogeneous tropical rain forests, even
where appropriate values for the parameters have been obtained. Gap models (e.g. Botkin et

al. 1972) and tree position models (e.g. Ek & Monserud 1974) attempt to reflect ecological
reality by simulating the effects of competitive interactions over small spatial scales. As a
result, a highly intensive sampling strategy and powerful computing resources are required
for simulation of only small areas of forest. Therefore, as with process models, the major
applications of these models are in ecological and silvicultural research rather than forest
management. The techniques that have a potential role in an integrated forest management
system are yield models (e.g. Canonizado 1978), diameter class projection (e.g. Alder 1990),
matrix models (Usher 1966) and cohort models (Vanclay 1989). Yield models describe the
empirical relation between potential timber yield and time since the last harvest. They are
suitable for homo-geneous stands, but inaccurate for species-rich, mixed-age forests (Alder
1995). Diameter class projection methods and transition matrix models are more appropriate
for uneven-aged forests than yield models and have a long history of use in forestry. These
techniques simulate forest growth and dynamics as changes in the diameter class
distribution of stems. The average behaviour of trees of different sizes over one time interval
is used to simulate change over much longer periods. The disadvantage of this class of
models is the difficulty in making them responsive to variation in stand basal area or other
indices of tree competition. In addition, transition matrix models require considerable
computing power when large numbers of species are included.
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Table 1. Characteristics of the 12 species studied since 1964 in lowland tropical rain forest
on Kolombangara, Solomon Islands.

Species and abbreviation Class! Max. size (dbh,cm) Distribution on

(sample size) Ko10mbangara2

Calophyllum neo-ebudicum Guillaumin4, CALN 2 229 (104) North coast upland

Calophyllum peekelii Lauterb.3, CALP 2 164 (154) Lowlands, avoiding

slopes

Campnosperma brevipetiolatum Volkens, CAMB 3 133 (217) General; in the north

mainly upland

Dillenia salomonensis (C.T. White) Hoogl., DILS 158 (227) West coast lowland

Elaeocarpus sphaericus (Gaertn.) K.Schum., ELASP 3 122 (94) Mainly north coast

Endospermum medullosum L.S. Smith, ENDM 4 107 (46) Mostly north coast

lowland

Gmelina moluccana (Bl.) Backer, GMEM 4 134 (38) General

Maranthes corymbosa Bl., MARC 118(50) North coast

Parinari papuana

ssp. salomonensis (C.T.White) Prances, PARP 142 (234) General

Pometia pinnata Forst., POMP 3 145 (137) North coast, more

abundant in lowlands

Schizomeria serrata (Hochr.) Hochr., SCHS 4 152 (57) Upland

Terminalia calamansanai (Blco.) Rolfe, TERCAL 4 124 (86) Mainly north coast

1 Seedling shade tolerance class sensu Whitmore (1974, 1989a), see also Table 3;
2 Greig-Smith et al. 1967;

3 Calophyllum kajewskii of Whitmore (1974, 1989a);
4 Calophyllum vitiense of Whitmore (1974, 1989a);
5 Parinari salomonensis of Whitmore (1974, 1989a)
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Cohort models have none of these disadvantages. They are inherently flexible and
efficient, and can be implemented using functions derived from limited data. Alder (1995) has
defined a cohort model as being deterministic, empirical and management-oriented. The
strategy is deterministic in the sense that the outcome is dependent on the starting conditions
and the functions built into the model and not on stochastic or random processes. Therefore
the same set of starting conditions will always lead to the same output, as long as the model
parameters and functions remain unchanged. The model is empirical because the functions,
parameters or constants specifying the dynamics of the forest are obtained by analysing data
from perman~nt sample plots, and management-oriented because forest management defines
the objectives of the model. A cohort simulation approach has been adopted here for modelling
forest growth and yield on Kolombangara, as used by Vanclay (1989) for tropical rain forest
in north Queensland.

The model of forest growth and dynamics presented here was based on an analysis of 30
years of data from permanent sample plots (PSPs) on Kolombangara, Western Province,
Solomon Islands. The PSPs were established as the Kolombangara Ecological Survey of the
Solomon Islands Forest Department in 1964 and have been maintained since then (Whitmore
1974,1989, Whitmore & Chaplin 1987). Since 1964 there have been 14 enumerations of the
plots at intervals ranging from 6 months to 6 years, and on ten occasions all trees have been
assessed for crown exposure using the subjective five-point scale of Dawkins (1958). In
November 1967, 3.3 years after initial plot establishment, Kolombangara was struck by a
cyclone which caused extensive damage to about half of the plots (Whitmore 1974).
Recruitment, growth and mortality of trees on Kolombangara were influenced to varying
degrees by the cyclone and have been followed for a total of the 27 years since 1967 (Whitmore
1974, 1989; Burslem & Whitmore in preparation). For details of plot establishment and
subsequent history see Whitmore (1974,1989). Some characteristics of the 12 species included
in the survey are presented in Table 1.

The 1994 enumeration marked 30 years of data collection on the Kolombangara plots. It
also represented an opportunity to address issues of importance to Solomon Islands forestry.
A question of acute importance to the Solomon Islands today is the rational management of
forests after logging, given the intensity of logging currently underway. Government figures
show that almost 400,000 m3 of round logs were exported by the Solomon Islands between
January and August 1994, of which 66 % was sourced from the Western Province (Solomon
Star, 22 March 1995). This figure is considerably greater than the estimated annual sustainable
harvest of 325,000 m3 (based on an estimated total standing commercial volume of 13.2
million m3, Shield 1992). A recent inventory of the forest resources of the Solomon Islands
(SOLFRIP unpublished) has shown that there is a considerable area of logged lowland forest,
particularly in the Western Province (Shield 1992). Management of tropical lowland rain forest
for sustained timber production should be carried out with reference to defined 'logging rules'
which have been derived from research on growth and mortality rates of trees in permanent
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sample plots (Alder 1992). The only permanent sample plots (PSPs) in logged forest in the
Solomon Islands have been established since 1992 (Olsen & Turnbu111993) and have not yet
yielded the data that would be necessary for estimation of appropriate diameter felling limits
or the sustainable yield of the forests. In fact, the only PSPs that could potentially yield
information relevant to these issues are those on Kolombangara, which are being maintained

in perpetuity by the Solomon Islands Forest Department with the intention that they should be
used to assist in designing rational systems for forest management (Whitmore & Chaplin
1987). The model described in this paper has therefore been constructed using data from these
plots. The limitations of this analysis are, firstly, that there is only long-term data for 12 of the
approximately 200 species of trees present in lowland forests of the Solomon Islands, although
the 12 are the most common big tree species on Kolombangara (Whitmore 1974) and are the

source of the bulk of the commercial timber exploited in the country. The other limitation is
that the plots are in natural forest that has not been logged. The impact of the 1967 cyclone
partially offsets the second of the limitations, insofar as it simulates some of the effects of
logging. Clearly, however, logging damage differs from cyclone damage. We therefore
recommend the model be limited mainly to research applications until reliable estimates are
obtained from logged plots for model parameters and functions. Our approach has been a

pragmatic one, attempting to make best use of the limited data available. In the context of the
scale of current logging operations in Solomon Islands' natural forests, an incomplete or
inadequate model is better than no model at all. The limitations of the model are described in

greater detail in section 5.

This paper is written to be used in association with the manual written by one of us (Alder

1995) which sets out in greater detail the various options available for modelling growth and
yield in tropical rain forests. The strategy here is conceptually similar to the approach
advocated by Alder (1995) with some modifications to allow for peculiarities of the
Kolombangara data-set.
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3. OVERVIEW OF THE MODEL

The first component of the model is the initialization and user-interface procedure, USERIF,
which allows the user to enter values for the parameters used by the model in the detailed
simulation procedures. The initial set of statements requires input values for the simulation
time step (see below), the start and finish years, felling cycle, threshold values for variables
which determine the minimum similarity for trees to be considered part of the same cohort,
minimum density for cohort deletion and minimum total basal area for logging to be permitted

on a stand. Later in the initialization process the user enters values representing logging rules,
such as the minimum felling diameter for each species, the number of trees of each species to
be retained above the minimum felling diameter after logging (for example, to act as seed trees)
and the utilization percentage, reflecting the market value of each species. The aim is that by
varying these inputs the research officer or forest manager is able to simulate the effects of
different sets of conditions or rules before implementing management activities. Other
functions of the initialization procedure are to allow the user to enter information about each
of the stands to be simulated, in particular its area, the year last felled and (if appropriate and
where known) the percentage of basal area removed at the last harvest; to delete records from
files generated during previous runs of the model; and to copy certain input data files to arrays
that are manipulated by the program statements.

'The simulation starts with a classification of the community of trees into a set of discrete
cohorts. A cohort is defined as a set of trees on the same plot which are deemed sufficiently
similar in size and condition to be grouped for the purpose of simulation. In many applications
the criteria for grouping will be tree size and ecological similarity or taxonomic affinity. In the
model described here different species are not grouped in the same cohort, but trees of anyone
species which differ by less than a minimum amount (e.g. 1 cm2 difference in basal area) are
merged in the same cohort. The initial classification of each community of trees on a plot or
stand into a set of cohorts is carried out in the INVSUM procedure which is run as part of the
initialization procedure.

The cohorts created by INVSUM are passed to the CUSS (Cohort Update for Single
Stands) procedure and updated according to the growth and mortality functions built into the
model. Growth is simulated by increasing the mean basal area of a cohort and mortality by
reducing the cohort size. A cohort will continue to remain in existence during successive cycles
of the simulation until the number of stems present declines below a user-defined minimum
threshold, or the mean basal area of the cohort declines below zero (this is possible for those
species which have a negative growth response to an increase in stand basal area), or (for
certain species) the basal area has risen above the size of the largest tree of that species
recorded by the Kolombangara Ecological Survey (see below) or, finally, if the cohort is
harvested.
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Immediately after a cohort has been updated for growth and mortality additional cohorts
are added to each stand by the RECRUIT procedure. In the model recruitment is linked
functionally to the degree of disturbance (defined as the percentage of total basal area
represented by trees which died) sustained by a plot in previous time-steps of the model run
on the assumption that this stimulates the growth of juvenile trees. Recruitment is
implemented in a two-stage process only on those plots which have a total basal area of the 12
common big tree species of < 20.6 m2 ha-l (this is necessary in order to introduce a degree of
density-dependence into the model, which otherwise causes stands to rapidly increase their
total basal area without reaching an aympotote). In the first stage the total number of recruits
to be added to each stand is derived, and in the second this total number is partitioned into
numbers for individual species. The total number is calculated using a function derived from
observed recruitment into the minimum size class for measurement on the Kolombangara PSPs
(namely 4.85 cm dbh) in relation to the total basal area of trees killed by cyclone Annie in
November 1967 (see Whitmore 1989). Enumerations of the plots were carried out
approximately 3 months before and after the cyclone and so it is possible to isolate its effects
with a high degree of certainty. Further enumerations were then conducted in August 1968,
February 1971, September/October 1975 and FebruarylMarch 1979, i.e. approximately 0.8,
3.3,7.9 and 11.3 years after the cyclone. Recruitment was strongly stimulated by the cyclone
after a lag period of 7.8 years, which reflects the period required for seedlings establishing at
or after the cyclone to grow into the minimum recorded size class (6 in. girth, 4.85 cm dbh).
There was a weak positive relation between the number of new recruits on a plot over the
period 1971-1975 and the percent of plot basal area that was killed by the cyclone (Fig. 1). This
function is used to model the total number of new recruits in relation to natural disturbance
events occurring during previous time-steps of the model run. For most applications of the
model it is unlikely that suitable data on natural mortality per plot will be available for periods
prior to the simulation start time unless sample plots have been enumerated in them over the
previous decade. As a result the model is bound to underestimate the number of recruits in the
first three cycles (but if this data is known program statements in the USERIF procedure should
be modified accordingly).

The second operation of the RECRUIT procedure is to partition the total number of new
recruits between the 12 species. This is carried out according to probability values stored in
file PROBDAT and classified by species and the degree of disturbance (measured as less than
or greater than 10 % of plot basal area dead). The values in PROBDAT were obtained from the
species composition of new recruits in 1975 in relation to the degree of disturbance by the
cyclone in 1967 (Fig. 2).

Recruitment in response to harvesting is modelled separately to recruitment in response
to natural mortality. This is necessary because the new recruits recorded in 1975 were observed
to have a very high mortality rate over the subsequent interval (1975-1979). In order to enable
the cohorts of recruits generated by a catastrophic event (such as a cyclone or logging) to be
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The relationship between the number of recruits recorded on plots in1975 (y) and the percentage of the basal
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discounted by higher mortality rates than other stems of a similar size they are added to a
separate cohort list file (SFUR) seven years (two time-steps) after harvesting. The cohorts in
this file are updated according to the same growth functions as the main cohort list file (SFU),
but by much higher mortality rates, for one further time-step and then added to the main cohort
list file 10.5 years (three time-steps) after harvesting.

After records for new recruits are added to the cohort list files (SFU and SFUR) by the
RECRUIT procedure the similar cohorts of a species are merged and other cohorts deleted
according to criteria established by the user in the USERIF procedure. These operations are
necessary in order to combine cohorts which are very similar and remove those which are
represented by very small numbers of individuals. The time-step is then complete and control
returns to the management procedure ORC. Before the time-step variable is incremented,
however, each record of the harvesting control file is scanned to determine whether harvesting
should be carried out. If the time elapsed since any simulated forest unit in the harvesting
control file, HCON, was last harvested is equal to or greater than the user-defined felling cycle,
the harvesting procedure, HALO, is implemented and harvesting simulated. A subsidiary set
of harvesting rules is built into the HALO procedure. Cohorts are only harvested if they are
greater than the minimum felling diameter, and the number removed takes account of user­
defined preferences for the number that should be retained after logging (to allow for the
retention of seed trees, for example) and the utilization potential of the species (reflecting its
commercial importance). Harvested stems are removed from the SFU file and added to the
HARVEST file. The remainder of the HALO procedure calculates the percent of basal area
which is lost to a combination of harvesting and post-logging mortality. The latter is calculated
from observed mortality of stems on the Kolombangara plots in the period February 1968 ­
February 1971 in relation to the percentage of basal area killed by the cyclone (Fig. 3). After
these quantities are calculated and saved control returns to the ORC procedure and one cycle
is added to the time-step variable. The files are then returned to the growth and mortality
routines for updating and the simulation runs until the current time variable is greater than or
equal to the user-defined end of simulation parameter that was established at the start of the
run. Files HARVEST and SFU are the primary output of the model; they hold, respectively, a
list of cohorts that were harvested during the course of the simulation and a list of cohorts
present at the end of the simulation. They can be further processed to generate the specific
information required by the user. Other output are provided in the form of database (.db!) and
text files summarising changes in the quantity and species composition of standing timber over
time. The mean total basal area (m2 ha-i) at each time-step of the simulation is contained as
!MEANPLOT (dbf file) and MEANPLOT.TXT; similar data classified by species and
simulation time-step is contained within !SPPYEAR and SPPYEAR.TXT respectively, and
data classified by plot and simulation time-step is contained within !PLOTYEAR and
PLOTYEAR.TXT respectively. The text files can readily be exported into graphics
applications for illustrating model outputs.

9
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Figure 3.
The relationship between the total basal area of 12 common tree species killed by a cyclone in November

1967 (x) and the mean annual mortality rate of all stems over the interval February 1968 - February 1971 (y),

The least-squares regression line shown is: y=0.0156 + 0.000737 (x); R2=23.4, P=O.026.

The model is currently configured to run on a time-step, or cycle, of 3.5 years, but this is
treated as a user-defined variable in the initialization procedure to allow for future development
of the model. This value is necessary because of the timing of enumerations of the
Kolombangara plots which were used to generate the functions that predict mortality and
recruitment following disturbance. The Kolombangara plots were damaged to varying degrees
by cyclone Annie in November 1967, having been enumerated in August 1967 (Whitmore
1974). The plots were re-measured again in February 1968 and the percentage basal area
difference between the August 1967 and February 1968 enumerations is taken to be an index
of disturbance analogous to percentage basal area lost during logging. A subsequent
enumeration of the plots was conducted in February 1971, i.e. approximately 3.3 years after
the cyclone and 3.0 years after the February 1968 enumeration. In order to be able to predict
post-disturbance mortality in relation to the index of disturbance described above, as required
by the harvesting procedure, regression functions were obtained relating the mean annual
mortality rate between February 1968 and February 1971 to the percentage basal area
difference between the August 1967 and February 1968 enumerations for each plot (Fig. 3).
There is a great deal of scatter on Figure 3 (discussed below), but the regression is nonetheless
statistically significant (P = 0.023) and the regression equation is incorporated into procedure
HALO for predicting the extent of post-logging mortality in relation to harvesting intensity (see
page above).
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Application of this equation should be restricted to the same length of time after logging
that was used in its derivation, i.e. 3.0 years, which imposes one constraint on the model time­
step. Another constraint is imposed by the derivation of the functions used to predict
recruitment in the RECRUIT procedure. As described above, the function predicting total
recruitment from disturbance intensity were derived from observations made in the
Kolombangara plots in February 1971 and September/October 1975, i.e. 3.3 and 7.9 years
respectively after the cyclone in November 1967. For recruitment in 1975 (Fig. 1) the number
of recruits on a plot was positively related to the percentage of basal area destroyed by the
cyclone (for recruitment in the interval February 1971 - September/October 1975, R2 =28.9,
P = 0.012). The species composition of recruitment at the 1975 enumeration was used in the
model to simulate the impact of different degrees of disturbance on the species composition
of recruitment. As with the calculation of mortality in relation to disturbance intensity, the
application of these functions should be restricted as far as possible to the same periods of time
that were used to derive them. Taking account of the 3.0-year period used for mortality
estimation and the 7.9-year period used to generate the recruitment function a reasonable
compromise is to operate the model on a 3.5-year time step and to calculate post-logging
mortality over one time-step after logging and to model recruitment with a lag period of 2
cycles, i.e. 7 years, which closely approximates the 7.9-year periods used to generate the
regression function. It is likely that the time-step will be rationalised to a whole number in the
context of future research (see section 6, below).
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4. MODELLING GROWTH AND MORTALITY

Growth is predicted from multiple linear regression equations describing the relationship
between basal area increment and tree basal area which were obtained from long-term
measurements of the Kolombangara PSPs. An appropriate form for the function relating basal
area increment (BAI) to basal area (TBA) is given by the power-exponential equation
(Wykoff 1990, Zeide 1990, Alder 1995):

BAI =a.TBAb.e(c.TBA) equation 1

where a, band c are constants. The shape of this function shows the observed reduction in
growth rates among large size trees (Alder 1995). Taking logarithms of both sides:

In(BAI) =In(a) + b.ln(TBA) + c.(TBA) equation 2

This function was fitted to observed growth increments of trees on Kolombangara by standard
least-squares regression. However the equations obtained in this way were unsuitable for
modelling growth because they tended to predict negative increments for small stems, thereby
resulting in a gradual extinction of all trees over simulated time. In addition, it was necessary
to introduce a density-dependent variable for Campnosperma, Elaeocarpus and Gmelina which

were found to be responsive to plot basal area when growth was analysed over the interval
August 1964 - August 1967 (Burslem & Whitmore, in prep. a). For these three species plot
(plot) basal area (SBA) was included as an independent variable in multiple regression

equations of the form:

In(BAI) =k + b.ln(TBA) + c.(TBA) + d.(SBA) equation 3

Using this equation the coefficients shown in Table 2 were obtained for growth of
Campnosperma, Elaeocarpus and Gmelina over the interval August 1964 - August 1967 (BAI

modified by the factor (BAI/100)+1 before loge-transformation). For the remaining species
regression functions were derived with all combinations of the independent variables TBA and
In(TBA) for prediction of both BAI and In(BAI). Then functions were chosen for inclusion in

the model as follows:
(1) BAI of stems of 4.85 cm diameter (Le. new recruits) positive;
(2) Given (1), the function is chosen that explains the highest proportion of variance in BAI
(maximum R2).

12



Table 2. Coefficients for prediction of In-basal area increment (BAI) after substitution into
equation 3 (BAI modified by l+BAI/IOO before In-transformation)

Coefficients
............................................................... ...............................

Species k b c d R2

Campnosperma brevipetiolatum 0.441 0.000016 0.0803 -0.0323 36.1

Elaeocarpus sphericus 0.271 0.000068 0.0605 -0.0227 68.9

Gmelina moluccana -1.180 -0.000021 0.1390 0.0300 40.1

Table 3. Coefficients for prediction of basal area increment (BAI) after substitution into
equation 4

Coefficients

Species k c R2

Calophyllum neo-ebudicum 17.309 0.0091717 59.3

Calophyllum peekelii 13.655 0.0201708 69.5

Schizomeria serrata 4.315 0.0165564 73.2

Table 4. Coefficients for prediction of In-basal area increment after substitution into
equation 5 (BAI modified by l+BAI/IOO before In-transformation)

Coefficients

Species

Dillenia salomonensis

Endospermum medullosum

Maranthes corymbosa

Parinari papuana

Pometia pinnata

Terminalia calamansanai

k

0.093873

0.163430

0.047770

0.087934

0.104840

0.116580

13

c

0.00003813

0.00003821

0.00011392

0.00010035

0.00005291

0.00005232

39.8

7.2

73.6

49.4

21.5

27.5



Using these criteria the growth of Calophyllum peekelii, C. neo-ebudicum and Schizomeria
may be approximated by the linear relationship between BAI and TBA as follows:

BAI = k + c.(TBA) equation 4

The coefficients for best-fit predictions of BAI on the basis of growth over the interval August
1964 - August 1967 are presented in Table 3. Growth of the remaining six species was
modelled by the linear regression of In(BAI) on TBA (BAI modified by the factor (BAIl100)+1
before In-transformation) as follows:

In(BAI) =k + c.(TBA) equation 5

The coefficients for best-fit predictions of BAI on the basis of growth over the interval August
1964 - August 1967 are presented in Table 4. It will be a simple matter to modify these
functions as new data become available (in the CUSS procedure of the program statements, see
Appendix 3).

Mortality of trees is incorporated into the model by reducing the size of each cohort during
each time-step by a factor which varies according to species, size class and the duration of the
time step. This factor is referred to as mean annual mortality, m, and is calculated from PSP
data using the following equation (Alder 1995, Sheil et al. 1995):

equation 6
.......................................................................................................................................................................................................................4 .

where No and NI are population sizes at the beginning and end of interval 1. The equation is
derived from an exponential model of population decay and assumes a constant probability of
mortality for all stems over time 1. It is preferable to the more widely used measure of annual
mortality rate, A, advocated by Swaine & Lieberman (1987):

equation 7

Ais an instantaneous measure of mortality also derived from the exponential model, but is not
a true measure of mean annual mortality (Sheil et al. 1995). For the Kolombangara data m was
calculated separately for each species and size class category over every eligible measurement
interval and then averaged across the measurement intervals after weighting each value by the
number of trees observed at No. The only measurement intervals not included in this analysis
were those which showed major peaks in mortality which could be linked to a direct or indirect
effect of the cyclone (Burslem & Whitmore in prep. b), i.e. the interval spanning the cyclone
on Kolombangara itself (August 1967-February 1968), the subsequent interval (February­
August 1968) and the interval after the initial peak of recruitment (September/October 1975
- FebruarylMarch 1979). These intervals were ignored for the calculation for mean
'background' mortality rates because instantaneous increases in 'post-disturbance' mortality
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and the higher mortality rates of some recruits compared to other trees are incorporated into
the model elsewhere (see section 3, above). Building these effects into background mortality
rates would generate output that suggested the forest was as dynamic on average as it is during
a 30-year period which happened to include a cyclone. Mortality rates in relation to cyclone
damage are of considerable interest in the context of the effects of disturbances such as logging,
and are used in the simulation of post-logging mortality. The effects of cyclones should be
studied explicitly using the model and not built into it as if a cyclone is part of typical
conditions. The data file included with this version of the model stores mean annual mortality
rates by species and size class for all measurement intervals apart from those indicated. Future
research should address the feasibility of sustainable harvesting under different assumptions
of cyclone frequency. In the meantime the logic of the model assumes that a cyclone does not
occur during the simulation run. Potential users of the model should be aware that adjustments
to model predictions will need to be made if a cyclone does occur.

In the CUSS routine of the model mean annual mortality rate is used to update the size
of a cohort according to the following equation (Alder 1995):

equation 8

where t is length of the model time-step (currently 3.5 years). Mean annual mortality, rn, is
called from a user-defined function, MORT, which accesses an array, MORTDATA, containing
a copy of the data file, MORTDATA, and returns the value corresponding to the species and
size class of tree. The model continues decrementing each cohort in this way until the number
per square km falls below the user-defined minimum cohort size for inclusion, at which point
the cohort is deleted.
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5. LIMITATIONS OF THE MODEL

5.1 General
We anticipate that the model outlined in this paper will evolve over time as additional data
become available from permanent sample plots in the Solomon Islands, and recommend that
the current release be used as a tool for research rather than forest management. The limitations
of the model lie in its built-in parameter values and functions rather than conceptual flaws with
the cohort simulation approach (Alder 1995). There is, therefore, considerable scope for future
development (see below) once data from plots in logged forest become available. Most
limitations arise from the necessity to base parameter values and functions on data from the
Kolombangara Ecological Survey, wherein disturbance is by cyclone, rather than plots in
logged forests. Detailed records exist for the 12 most common species only, hence the model
has been constructed for a forest consisting of only twelve species. In reality, forests in the
Solomon Islands contain nearly 200 species capable of reaching 30 cm dbh (Whitmore 1966)
and we cannot know how much parameter values should be altered if more of this diversity
were included. The contribution of the 12 common big tree species to total plot basal area
increased on Kolombangara with diameter size class. Similarly, functions used to predict
numbers of recruits on a plot and the extent of post-' logging' mortality in relation to the degree
of plot disturbance were derived from plots disturbed by a cyclone and not by logging. The
relevance of these functions depends on the degree to which cyclone damage simulates
logging. Both types of disturbance are known to cause elevated mortality rates of residual trees
(Tang 1976, Walker 1991), although this is not always the case for cyclone-damaged forests
(Bellingham et al. 1992). Tropical cyclones often cause defoliation of some trees and stem­
breakage or uprooting of others (Bellingham 1991, Walker 1991), whereas logging causes
considerable physical damage to the crowns of residual trees and widespread soil compaction.

5.2 Specific
The current model release has several specific limitations.
1. The functions which predict recruitment on a plot in relation to the degree of damage

sustained during the cyclone include as dependent variables the percent change in basal area
of the 12 common tree species during the cyclone, but the model uses the functions to
calculate total number of recruits from total percent basal area killed by a disturbance. The
application of these functions is only valid if the percentage of basal area of the 12 common
species destroyed by the cyclone is the same as the total for all species on the plots. It is
not possible to evaluate this assumption because enumerations of all species are not
available from after the cyclone.

2. In order to predict recruitment in cycle n it is necessary to have information on the degree
of disturbance sustained by plots in cycle n-2 (see section 3, above). Unless plots have been
monitored for up to a decade before the start of the model run this kind of information will
not be available, and the USERIF procedure will assume disturbance during these intervals
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Figure 4.
Time course of simulations of mean total basal area (m2 ha-I) of 12 common tree species on 22 plots on

Kolombangara on the basis of 1964 cohort structure: (a) 200 year simulation with no harvesting, (b) 500 year

simulation with one harvesting of all stems >60 cm diameter in year 1 and no minimum total basal area for

harvesting to occur on a plot.
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to have been zero. Therefore recruitment will be underestimated for the first three cycles
of the model run. The error introduced by this limitation will depend on the degree of
disturbance actually sustained by the plots over the previous ten years. Cyclones are in fact
fairly rare in the western Solomons, for example Kolombangara has had none since 1970.

3. In its current form the model is not capable of simulating the impact of a cyclone on forest
dynamics or yield, although it would be a relatively simple matter to introduce a capability
to do this. Model predictions therefore assume that a cyclone does not occur during the
course of the simulation. The general validity of this assumption will depend on the length
of the simulation and the geographical location of the forest.

4. The functions used to predict basal area growth rates in the model were derived from limited
data for certain species. In one case, Endospermum, all regression equations examined were
insignificant (P>O.05) and the proportion of variance in growth rates explained by variance
in the dependent variables consistently low. We conclude that we have not yet identified the
factors influencing growth rate of Endospermum and model output in relation to the
dynamics of this species should be treated with caution.
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Figure 5.
The course for 500 year simulations of mean total basal area (m2 ha-I, solid line) and mean harvested basal

area (m2 ha-I, circles) of 12 common tree species on 22 plots on Kolombangara starting with the 1964 cohort

structure and assuming a harvesting cycle of 20 years and a minimum felling diameter of (a) 30 cm, (b) 60 cm

and (c) 90 cm diameter. In all cases there was no minimum total basal area for harvesting to occur on a plot.
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6. FUTURE RESEARCH

There is considerable potential for further development of the model described in this paper.
For the purpose of this discussion potential future research will be divided into that which
would be possible using the data currently available and developments of the model which

require additional data from permanent sample plots in logged forest.

6.1 Research using existing data

A potential application of the model is the investigation of the effects of differential cyclone
frequency on forest dynamics. Cyclones would be simulated using a sub-model similar to the

harvesting procedure HALO, combined with a user-defined cyclone-timing and intensity
variables. This is an important area of research for the Solomon Islands, where cyclones are a
major problem for planning forest management operations (Whitmore 1974).

Any estimate of the maximum sustainable yield of a forest requires a knowledge of the
mortality rates that are likely to occur over the course of the felling cycle (Alder 1992). The
effect of cyclones is to introduce a strong stochastic factor that has a major impact on mean
annual mortality over even fairly long felling cycles (Burslem & Whitmore, unpublished data).
Stochastic factors, by definition, cannot be predicted so it may be that cyclones render the
calculation of maximum sustainable yield impossible. The issue can be addressed in a
preliminary way by using cyclone-affected mortality rates rather than cyclone-free mortality
rates as the input mortality data in file MORTDATA. These are included for the Kolombangara
Ecological Survey species in file CYCMORT and assume a frequency of one cyclone every
thirty years; the application of these data would be somewhat dubious, therefore, for a
simulation run of less than 30 years. Average effects of a cyclone on yield can be tested fairly

simply by running the model with the two sets of mortality data and all other starting conditions
identical, but the other method described above would give more precise information on the
impact of a cyclone on simulated yield.

One important application of the model is to use it experimentally to determine, in a very
preliminary way, the effects of different management interventions by changing, for example,

minimum felling diameters, the length of the felling cycle and so on. For the reasons outlined
above extreme caution should be used in interpreting the results of model runs at this stage.
Nevertheless the output can be used as a general guide to operational forest management.

The model also has value as a tool for investigating the effects of different types of growth
functions on model performance.
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Figure 6.
Time course for 500 year simulations of mean total basal area (m2 ha-I, solid line) and mean harvested basal area

(m2 ha-I, circles) of 12 common tree species on 22 plots on Kolombangara starting with the 1964 cohort structure

and assuming a minimum felling diameter of 60 cm diameter and a harvesting cycle of (a) 10 years, (b) 20 years

and (c) 40 years. In all cases there was no minimum total basal area for harvesting to occur on a plot.
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6.2 Developments using additional data

It is very important that permanent sample plots established in the early 1990s in logged forests
of differing age in the Solomon Islands as part of the SOLFRIP project are used to generate
improved releases of the model. One priority should be to increase the number of species
covered. The parameters and functions that should be calculated from these data are: (a)
regression functions for growth rates of basal area on tree basal area, log tree basal area and
plot basal area calculated for all species individually or after grouping species according to the
technique recommended by Vanclay (1991); (b) mean annual mortality rates for species or
species groups in logged forest (to update the data in file MORTDATA), especially for those
species with zero mortality of large trees in the Kolombangara survey (Calophyllum neo­

ebudicum, Maranthes and Parinari); (c) regression equations for post-logging mortality rates
in relation to logging intensity (to replace user-defined function logmort of procedure HALO,
cf. Tang 1976); (d) regression functions for total number of recruits on a plot in relation to
logging intensity for different time intervals after logging (to replace the equations in procedure
RECRUIT); (e) probability values for species composition of new recruits on plots in relation
to time since logging and logging intensity (to replace data in file PROBDAT). Techniques for
generating this information are covered by Alder (1995).
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7. PRELIMINARY MANAGEMENT IMPLICATIONS

Since data from plots in logged forests will not be available for a number of years, and
information on forest management is required very urgently, we present here a brief analysis
of the effects of varying felling cycle and minimum felling diameter on timber yield. The
findings are presented as an illustration of the use of the model and a general indication of the
likely magnitude of these variables under a sustained yield forest management system and
should not be taken as detailed or specific recommendations.

In the absence of harvesting, mean basal area over a 200-year simulation varies only
slightly from the mean value on the plots in 1964 (13.4 m2 ha-I), Fig. 4a. Basal area declines
initially because recruitment is dependent on a knowledge of past mortality (see above), so
when this information is not available, as at the start of the model run, recruitment is
underestimated. Harvesting all stems > 60 cm diameter at the beginning of the model run
reduces mean basal area of the 12 species on the 22 plots from 13.4 m2 ha- I to 2.8 m2 ha-I, Fig
4b. Mean basal area then increases in response to growth and recruitment and rises rapidly
above the starting point to a maximum of 32.6 m2 ha-1 182 years after harvesting. Basal area
does not increase further because of the dependence of recruitment on plot basal area. Mean
basal area per plot shows considerable variance through time over the following 300 years of
the simulation run, but remains higher than the starting point throughout, suggesting that the
stocking of the 12 commercial species has increased permanently as a result of the single
harvesting event.

The effect of varying minimum felling diameter over the range 30 - 90 cm at a constant
felling cycle (20 years) is illustrated in Fig. 5. All three treatments (30,60 and 90 cm diameter)
deliver a sustained yield over the 500 year time-scale considered, but the magnitude and species
composition of this yield differs considerably between treatments. Standing basal area
increases in response to growth and recruitment after the huge reductions caused by the first
harvesting operations in each case. In all three treatments basal area prior to harvesting
continues to increase through subsequent harvesting cycles, because growth and recruitment
exceed the sum of mortality and harvested basal area. These processes lead to a 'steady-state'
mean basal area prior to harvesting of approximately 4.0-4.1, 14.1-15.2 and 20.3-21.4 m2 ha­
I after 84,210 and 318 years, respectively, for forests with minimum felling diameters of 30,
60 and 90 cm. Timber yield over 500 years (expressed as basal area, m2 ha-I) averages 93.6
(0.19 m2 ha- I yr-I), 138 (0.28 m2 ha- I yr-I) and 135 (0.27 m2 ha- I yr- I) for the same three

minimum felling diameters respectively. These figures indicate that the current diameter felling
limit for Solomon Islands forests (60 cm) gives greater simulated yields than would a diameter
felling limit of either 30 cm or 90 cm, but it must be recognised that intermediate values may
be more appropriate for certain species and that there are likely to be interactions of diameter
felling limit and the length of the felling cycle.
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Figure 7.
Time course for 500 year simulations of mean total basal area (m2 ha-I, solid line) and mean harvested basal

area (m2 ha-I, circles) of 12 common tree species on 22 plots on Kolombangara starting with the 1964 cohort

structure and assuming a harvesting cycle and minimum felling diameter of (a) 60 years and 30 cm and (b) 30

years and 60 cm. In both cases there was no minimum total basal area for harvesting to occur on a plot.
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A preliminary investigation of the response to the length of the felling cycle for a constant
diameter felling limit (60 cm) is presented in Fig. 6, which shows 500 year time courses of
simulated mean basal area per plot (m2 ha-I) and simulated mean harvested basal area per plot
(m2 ha-I) for felling cycles of 20, 40 and 50 years. All three treatments show a sustained yield
production over the time-scale of the simulation. All three figures show a recovery of plot
standing basal area after the major reduction caused by the heavy initial harvesting and that
this recovery can be sustained in the presence of additional harvests. The major difference
between treatments is in standing basal area rather than mean yield. With a IQ-year felling
cycle standing basal area of the 12 commercial tree species never returns to pre-harvesting
levels and gradually declines from its maximum value prior to harvesting of 10.8 m2 ha-I. The
other two treatments rise to a maximum basal area prior to harvesting of 16.0 m2 ha-1 (20 year
felling cycle) and 23.1 m2 ha-1 (40 year felling cycle) 189 and 168 years after the start of the
simulation, respectively, but the standing basal areas of commercial species are much greater
subsequently than for the 10-year felling cycle treatment (14.1-16.0 m2 ha-1 for a 20-year
felling cycle, 20.6-23.1 m2 ha-1 for a 40-year felling cycle). Timber yields (expressed as basal
area, m2 ha-I) over 500 years are 121 (0.24 m2 ha-1 yr-1), 138 (0.28 m2 ha-1 yr-1) and 141 (0.28
m2 ha-I yr-1) for felling cycles of 10,20 and 40 years respectively. These figures suggest that
above a certain threshold, the optimum felling cycle is likely to be determined by factors other
than timber yield, such as the relative value of the species composition of the yield and the
relative desirability of maintaining a heavily-stocked forest, but further exploration of
interactions between these factors would be highly desirable.

In practice a low diameter felling limit implies a long felling cycle in order to allow timber
stocks to recover, while a long cycle may generate a need for silvicultural intervention between
harvests. Logging damage and amount of canopy opening are also likely to increase with the
size of the harvest, and the latter will influence the species composition of the regeneration.
A preliminary investigation of the interaction between these factors is presented in Fig. 7,
which illustrates the effect of changing harvesting cycle and minimum felling diameter from
60 years and 30 cm (Fig. 7a) to 30 years and 60 cm (Fig. 7b). The two harvesting regimes give
very similar yields over the SOO-year simulation (0.27 m2 ha-1 yr- l for the long harvesting cycle
vs 0.29 m2 ha-1 yr- 1 for the short harvesting cycle), but the standing basal area immediately after
harvesting is maintained at a much higher level for the second regime. The species composition
of the regenerating stand, and hence the timber harvested in successive cycles, is also
influenced by harvesting rules (Fig. 8), although the limitiations of the model in this respect
must be recognised as described earlier. The frequent heavy disturbance caused by harvesting
all stems > 60 cm diameter on a 30 year cycle (Fig. 8b) leads to abundant regeneration of
Campnosperma and a dominance of this species in subsequent harvests. After about 200 years
an equilibrium is established in both regimes with Campnosperma making up about 50 % of
harvested basal area on the long cycle (Fig. 8a) and 40 - 44 % of harvested basal area on the
short cycle (Fig. 8b). The difference is made up by slightly greater proportions of the heavier
timbered species Dillenia and Parinari in the more frequently harvested forests (Fig. 8b).
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Time course of 500 year simulations of percentage mean total basal area of harvested timber contributed by six

species (Calophyllum neo-ebudicum, Campnosperma, Dillenia, Elaeocarpus, Gmelina and Parinari) on 22

ployts on Kolombangara starting with 1964 cohort structure and assuming harvesting rules of (a) 30 cm

diameter felling limit and 60 year harvesting cycle and Cb) 60 cm diameter felling limit and 30 year harvesting

cycle. In both cases there was no minimum total basal area for harvesting to occur on a plot.
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These differences will have economic implications if the timbers have different values.

The alternative means of regulating harvesting built into the model is by selective
harvesting of only those plots above a prescribed threshold basal area. A preliminary analysis
of the two methods is presented in Fig. 9, which illustrates time courses for SOO-year
simulations of mean standing basal area (m2 ha-I) and mean harvested basal area (m2 ha-I)
harvesting stems> 60 cm diameter on a 20-year felling cycle and restricting harvesting to plots
of total standing basal area> 0 m2 ha- t (Fig. 9a) and> 10 m2 ha-1 (Fig. 9b). The plots show
that there is very little difference between the two methods in terms of standing basal area of
'steady-state' stands or timber yields over the time-scale considered (e.g. average yields of 0.27
vs 0.28 m2 ha-1 yr-1 for harvesting only those plots with more than 0 and 10 m2 ha-1 in total
respectively). As with the other analyses we recommend that model outputs be explored in
much greater depth before this finding is accepted as a general principle.

In conclusion, our preliminary analysis of logging rules on the basis of a model with many
limitations is that sustained yields of natural forests in Solomon Islands can be optimised by
harvesting commercial stems> 60 cm diameter on at least a 20-year felling cycle and without
restriction as to minimum basal area allowable before harvesting is permitted. These conditions
should enable an annual allowable cut of approximately 0.28 m2 ha- t yr-1 in perpetuity. It must
be emphasised that this figure is presented as a general guideline and not a recommendation
for long-term planning of future forest management.
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8. MODEL DESCRIPTION

8.1 Input data tables

The following data files are required in order to run the model and are available on the disc
containing the program statements: INVDAT, SFU, SFUR, HARVEST, HCON, HRULE,
LOSSMORT, MORTDATA, PROBDAT. INVDAT (INVentory DATa) is the input file for
procedure INVSUM and contains raw data from pre-harvest inventories of the forest which is
to be simulated. Records are for individual trees. SFU (Simulated Forest Unit) is the output file
from INVSUM and the input file to the detailed model procedures. It contains a list of the
cohorts to be simulated. SFUR (Simulated Forest Unit Recruits), has the same structure as
SFU, but is used by the model to store cohorts of recruits generated seven years (two time­
steps) after harvesting until they are transferred to SFU 10.5 years (three time-steps) after
harvesting. HARVEST is a list of trees which have been harvested during the current model
run, summarised by cohort. HCON is the Harvesting CONtrol file and contains information
on each of the stands (simulated forest units) which are being simulated. Some fields of HCON
are updated during the model run. The HRULE (Harvesting RULEs) file contains information
on logging rules for each species. The user enters this information during the initialization
procedure. LOSSMORT holds data on the percentage of total basal area on a stand which died
during previous cycles of the current model run. This data is used in the RECRUIT procedure
for calculating the number and species composition of new recruits to add to the SFU file. The
initialization procedure adds zero to each cell of this table because it is unlikely that this kind
of information is available at the start of a model run (see below for discussion of this problem).
MORTDATA holds the MORTality DATA calculated from permanent sample records as
described by Alder (1995) and above (section 4). Annual mortality rates (m) are presented by
species and subdivided by size class. MORTDATA currently holds the mean annual mortality
rates for the twelve species included in the Kolombangara Ecological Survey, and the user
should alter records as new data become available. Similarly, PROBDAT (PROBability DATa)
is a file holding probabilities of each species recruiting onto a plot classified by the degree of
disturbance. The model is currently configured to respond to mortality after a lag period of 7
years and to apply different functions for plots with < 10 % (prob1mild) and> 10 %

(prob1heavy) of basal area dying during the disturbance. The lag periods and threshold values
are likely to be highly site- and species-specific, so modifications to the PROBDAT file will
be necessary for realistic simulation of forests dissimilar to those of Kolombangara or for a
different set of species. The derivation of these probabilities is described by Alder (1995);
PROBDAT can be modified using the BROWSE facility in XBASE.
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Table S. List of input data tables, with structure, type and description of component fields

table name field name data type structure description

invdat reserve N 5 0 forest reserve identity number

compart N 5 0 compartment identity number

plot N 2 0 plot identity number

species N 2 0 species identity number

diameter N 6 2 tree diameter (cm)

tcc N 2 0 tree condition code (optional)

sfu sfuid N 2 0 stand identity number

species N 2 0 species identity number

tba N 8 1 mean cohort basal area (m2)

nkm N 9 2 number of trees (km-2)

sfur sfuid N 2 0 stand identity number

species N 2 0 species identity number

tba N 8 1 mean cohort basal area (m2)

nkm N 9 2 number of trees (km-2)

harvest yearh N 6 1 year harvested

sfuid N 2 0 stand identity number

species N 2 0 species identity number

tba N 8 1 mean basal harvest (m2)

nrem N 6 1 number of trees removed (km-2)

heon sfuid N 2 0 stand identity number

area N 5 2 stand area (ha)

yrfell N 7 2 year last harvested

losspet N 6 4 % BA removed and died at harvest

sba N 10 5 stand basal area (m2)

hrule species N 2 0 species identity number

mfd N 3 0 minimum felling diameter (cm)

mfba N 8 1 minimum felling basal area (cm2)

nret N 5 1 number retained after felling (km-2)

utilp N 3 0 utilization percentage
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Table 5. continued

table name field name data type structure description

lossmort sfuid N 2 0 stand identity number

mortpctc N 6 3 % of BA which died during cycle n-1

mortpctb N 6 3 % of BA which died during cycle n-2

mortpcta N 6 3 % of BA which died during cycle n-3

mortdata species N 2 0 species identity number

mort1 N 5 4 m (stems <= 10 cm diameter)

mort2 N 5 4 m (stems >10-20 cm diameter)

mort3 N 5 4 m (stems >20-30 cm diameter)

mort4 N 5 4 m (stems >30-40 cm diameter)

mort5 N 5 4 m (stems >40-50 cm diameter)

mort6 N 5 4 m (stems >50-60 cm diameter)

mort7 N 5 4 m (stems >60-70 cm diameter)

mort8 N 5 4 m (stems >70-80 cm diameter)

mort9 N 5 4 m (stems >80 cm diameter)

probdat species N 2 0 species identity number

prob1mild N 5 3 probability of recruitment

prob1heavy N 5 3 probability of recruitment

allmort sfuid N 2 0 stand identity number

species N 2 0 species identity number

tba N 8 1 mean cohort basal area (m2)

allmort N 12 5 number of trees (ha-I)

summary sfuid N 2 0 stand identity number

species N 2 0 species identity number

sba N 8 0 stand basal area (m2 ha-I)

year N 6 1 cycle year

31



8.2 Description of model statements
(for program listing see Appendix 3)

Lines 55-59:

Lines 62-80:

Lines 88-99:

Lines 38-52:

Lines 81-85:

Line 35:
Lines 38-39:

USERIF procedure
Lines 7-16: all files are closed and the screen is cleared; input variables are created

and set to zero; data arrays ('sptot' and 'transfer') are established.
statements are displayed at points specified by the coordinates after the
@ command which demand values for the input variables created above;
when these are completed the values are entered into the appropriate
variables.
procedure INVSUM is implemented.
the basal area (m2 ha-I) is calculated for each plot from the basal area and
number of trees in the SFU file and entered as field sfu into file !SFUBA.
file !SFUBA is given alias sfuba; file HCON is opened and given alias
hcon; all records in HCON from previous runs of the model are deleted;
then file !SFUBA is scanned and the values in fields sfuid (plot
identification number) and sba (plot basal area) are transferred to HCON,
the remaining fields being set to zero.
file HCON is displayed to enable the user to enter appropriate values for
the fields holding plot area (area), the year a stand was last felled (yrfell)
and logging intensity (losspct).
file HRULE is opened and given alias hrule; records from previous runs of
the model are deleted; the cohort list file SFU is selected and indexed on
species then scanned; a list of all species present in file SFU is created in
file HRULE by comparing the species of the current record with a variable
id which is updated with each cycle of the loop through SFU.
file HRULE is displayed to enable the user to enter appropriate vales for
the minimum felling diameter (field mfd), number of stems per hectare to
be retained after felling (field met) and the utilization percentage (field
utilp) for each species in the file; field milia of file HCON is updated to
hold the minimum felling diameter expressed as basal area (cm2).

file LOSSMORT is opened and all records from previous runs of the
model are deleted; file !SFUBA is scanned and a list of all stand
identification numbers transferred to field sfuid of LOSSMORT, all other
fields being set to zero.

Lines 102-104: file MORTDATA is opened, given alias mdat and then all records copied to
array mortrate for use in updating cohort size according to mortality
estimates.

Lines 107-109: file PROBDAT is opened, given alias pdat and then all records copied to
array recruit for use in calculating the species composition of recruitment
after disturbance.

Lines 19-32:
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Lines 112-115: file HARVEST (summary list of cohorts harvested at each harvesting event)
is opened, given alias harvest and then all records from previous runs of the
model are deleted.

Lines 118-121: file SUMMARY (summary list of total basal area of each species on all
plots at each model time step) is opened, given alias summ and then all
records from previous runs of the model are deleted.

Lines 124-127: file SFUR (cohort list of new recruits based on logging intensity) is opened,
given alias sfur and then all records from previous runs of the model are
deleted.

Lines 130: implements the ORC procedure to start a simulation run.
Lines 133 - 138: dbf and text files summarising basal area by plot and year (!plotyear and

plot.txt), by species and year (!sppyear and sppyear.txt), and by plot alone
(!meanplot and meanplot.txt) from previous runs of the model are deleted.

Lines 139-141: dbffile !PLOTYEAR is created from file SUMMARY to summarise total
basal area of stems by plot and simulation cycle, and then copied to text file
PLOTYEAR to allow export of data to graphics applications.

Lines 142-144: dbffile !SPPYEAR is created from file SUMMARY to summarise mean
basal area of stems by species and simulation cycle, and then copied to text
file SPPYEAR to allow export of data to graphics applications.

Lines 145-147: dbf file !MEANPLOT is created from file SUMMARY to summarise mean
total basal area of stems per plot for each simulation cycle, and then copied
to text file MEANPLOT to allow export of data to graphics applications.

Lines 148-149: returns control to the Command window.

INVSUM procedure
Lines 152-154: all databases are closed; file invdat is opened (containing inventory data for

one year in a standard format) and indexed on plot and species numbers.
Lines 155-159: file sfu is opened and indexed on sfu number, species and cohort basal area

fields; existing records are then deleted from the file, i.e. from previous runs
of the model.

Lines 160-164: file invdat is scanned to obtain the largest diameter record present, which is
passed to variable nc rounded to the nearest integer.

Lines 165-166: arrays ntrees and dsum are created with the same number of elements as nc;
the record pointer is then redirected to the top of the invdat file.

Lines 167-175: file invdat is scanned; for each new record variable x is set to the record
number, variable sppO to species and variable plotid to plot number; all
elements of arrays ntrees and dsum are set to zero.

Lines 176-181: records are scanned from file invdat as long as their species and plot
numbers correspond to sppO and plotid respectively; for each record in this
group encountered the cohort indicator variable k is generated from the
diameter rounded to the nearest integer; 1 is added to the element of array
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Lines 182-196:

ORC procedure
Line 202:

Lines 205-209:

Lines 210-217:

Lines 220-232:

Lines 235-241:

Lines 244-254:

Lines 257-259:

ntrees corresponding to cohort k and tree diameter to the element of array
dsum corresponding to cohort k.
file sfu is selected; for each value of cohort number k which is represented
by one or more trees a record is appended to sfu containing the plot and
species numbers, the mean basal area (cm2) of all trees in the cohort and
tree density of the cohort (km-2); all loops are closed.

time loop established so that simulation continues as long as the current
time variable yearc is less than the user-defined end of simulation variable
yearf.
temporary file !SUMMARY is created to contain total basal area (m2 ha-I)
of all stems by plot and species for the current simulation time step, then
given alias esumm; permanent file SUMMARY is opened and given alias

summ.
temporary file !SUMMARY is selected and scanned; each record is
appended to permanent file SUMMARY along with the current simulation

time step.
sets environment for the Cohort Update for Single Stands procedure
(CUSS) and then implements it; files SFU, HCON and SFUR are opened,
given aliases sfu, hcon and sfur respectively and indexed on the plot
identification field sfuid; file ALLMORT is opened and all records deleted.
establishes loop to implement harvesting procedure HALO if a conditional
statement evaluates to true, the condition being that the current year is
equal to or greater than the year a stand was previously felled (field yrfell
of harvesting control file hcon) plus the user-defined felling cycle variable
felcyc; the harvesting control file is scanned and if the condition is
satisfied by any stand the harvesting procedure is called.
deletes temporary files created during previous runs of the model or
previous cycles of the simulation.
adds the user-defined simulation cycle to the current year variable yearc
and closes the time loop; the model is currently configured to operate on a
cycle of 3.5 years, but the user-interface allows for this to be altered;
control will return to the USERIF procedure at line 259 on the first
occasion that the end of simulation variable, yearf, is less than the current
year variable, yearc.
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procedure CUSS
Lines 267-268: plot basal areas (m2 ha-I) are calculated from the basal area and number of

individual cohorts per simulated forest unit in the SFU file and placed in
field sba of temporary file !SFUBA.

Lines 271-280: file !SFUBA is given alias sfuba and indexed on the plot identification field
(sfuid), the SFU file is ordered on the index tag sfuid and a relation is
established between !SFUBA and both SFU and HCON; file SFUR is
selected and a relation is established between SFUR and both !SFUBA and
HCON; file LOSSMORT is opened.

Lines 283-290: SFU is selected and scanned; for each cohort in SFU the number and sizes
of all stems dying of natural causes during the current simulation time step
is appended to ALLMORT, based on size-specific mortality rates observed
on Kolombangara (except oversize trees, see below).

Lines 291-343: trees of diameter greater than the maximum observed for their species
during the course of the Kolombangara Ecological Survey are identified by
scanning SFU and then marked for deletion; the basal areas of these trees
are added to !ALLMORT.

Lines 344-347: the basal area of dead trees are summed by simulated forest unit and the
output transferred to field mortpctt in a temporary file !MORTBA; a
relation is established between this file and !SFUBA and the mortpctt field
is immediately updated to hold the percentage of total basal area per plot
lost to natural causes during the current time step.

Lines 350-354: updates the SFU file to reflect the natural mortality of stems during the
current time step and the growth of the remaining individuals.

Lines 357-369: updates the SFUR file (containing a list of new recruits generated at the last
harvesting event) for natural mortality and growth if the current time-step is
10.5 years (three simulation time steps) since a plot was last harvested (Le.
3.5 years since the recruits were first recorded); cohorts with less than the
user-defined minimum number per kilometre or with negative basal areas
are deleted from the file.

Lines 372-375: selects LOSSMORT and indexes it on the plot identification field (sfuid),
and then establishes a relation between LOSSMORT and !SFUBA;
implements the recruitment routine.

Lines 378-386: temporary file !MORTBA is given alias mortba; the contents of the
permanent file (LOSSMORT.dbf) containing records of percentage
mortality basal area per simulated forest unit in the three previous time
steps are copied to a temporary file !MORTPCT which is given alias
mortpct and indexed on the plot identification field; relations are
established between LOSSMORT, !MORTBA and fMORTPCT on the
common field sfuid and these are used to update the permanent file
LOSSMORT; mortpctc (percentage basal area lost by mortality in the
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current cycle) is filled in from !MORTBA; mortpctb (percentage basal area
lost by mortality in the [current-I] cycle) is filled in from the mortpctc
field of the previous cycle; mortpcta (percentage basal area lost by
mortality in the [current-2] cycle) is filled in from the mortpctb field of the
previous cycle.

Lines 389-411: records in the sfu file are ordered by plot, species and basal area, scanned
and combined if the difference in the basal areas of cohorts of the same
species from the same forest unit is less than the user-defined minimum
established in the initialization procedure; when cohorts are merged the
record not updated is marked for deletion and the cursor moved on one
record within the loop; variables spgO, tbaO, nkmO and recO are used to
compare values of species, basal, stem number per km2 and record number
between adjacent records.

Lines 414-416: marks records for deletion if the number of stems per km has dropped
below the user-defined minimum established in the initialization routine or
if the growth function reduced the basal area to less than zero; all records
marked for deletion are then physically removed from the SFU file.

Lines 419-424: the new total basal area (m2 ha-I) per plot is calculated from the updated
SFU file and put into temporary file !BASFU which is given alias basfu
and indexed on the plot identification number field; this file as then used
to update the stand basal area field in the harvesting control file to allow
for growth and mortality during the current cycle.

Lines 426-454: user-defined function for calculation of basal area increment based on \
regression equations; the equations illustrated were derived from
permanent sample plots on Kolombangara and are specified by species;
these equations predict basal area increment from a set of independent
variables which vary according to species; the set includes tree basal area,
log tree basal area and stand (plot) basal area.

Lines 456-478: user-defined function, mort, for obtaining an annual percentage mortality
for a given species/size class; the function accesses array mortrate
containing the relevant matrix of annual mortality rate data, classified by
species and size class.

Lines 480-504: user-defined function, recmort, which returns an annual mortality rate of
new recruits generated by harvesting mortality during the time-step after
they were first recorded (i.e. 10.5 years after the harvesting occurred).

Lines 506-513: procedure maxtree appends records to !ALLMORT for trees that are larger
than the maximum recorded in the Kolombangara Ecological Survey and
marks them for deletion from SFU; this prevents trees of excessive size
accumulating in SFU.
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Procedure RECRUIT
Lines 519-523: generates file !NEW containing fields with plot identification number

(sfuid), percentage basal area lost to mortality in time-step n-2 where n is
the current time-step (mortpctb), and the total number of recruits (km-2)

expected in the current cycle (ninb) in response to natural mortality in
the past (based on observed recruitment in response to differing degrees
of cyclone damage to plots on Kolombangara); file !NEW indexed on plot
identification field.

Lines 526-527: generates file !RECRU containing fields with plot identification number
(sfuid), percentage basal area lost to harvesting and harvesting-induced
mortality (losspct) and the number of recruits (km-2) predicted in response
to harvesting (nina) for plots harvested 7 years before the current time-step
(i.e. two time-steps before present)

Lines 528-531: !RECRU is given alias recru; maximum recruitment rate is set to
5238 km-2 (maximum observed on Kolombangara).

Lines 532-547: !RECRU is scanned; for each record the proportion of new recruits to be
assigned to each of the 12 species is calculated from harvesting intensity
and a user-defined probability matrix 'recruit' (i.e. on Kolombangara these
probabilities were derived from the proportions of each species which had
recruited into plots that were either 'mildly' « 10 % basal area lost) or
'heavily' (>10 % basal area lost) disturbed by cyclone Annie); new cohorts
are placed in SFUR with a basal area of 18.48 cm2 (reflecting the minimum
size for inclusion in the KES survey).

Lines 551-567: !NEW is given alias new and predicted numbers of new recruits on each plot
reduced to 5238 km-2 (the maximum observed on Kolombangara) if they
exceeded this value; !NEW is scanned and the proportion of new recruits to
be assigned to each of the 12 species is calculated from the intensity of
disturbance and a user-defined probability matrix 'recruit' (Le. on
Kolombangara these probabilities were derived from the proportions of each
of the twelve species which had recruited into plots that were either 'mildly'
« 10 % basal area lost) or 'heavily' (>10 % basal area lost) disturbed by
cyclone Annie); new cohorts are appended to SFU with a basal area of 18.48
cm2 (reflecting the minimum size for inclusion in the KES survey).

Lines 570-585 HCON is selected and all records scanned; for any plots which were
harvested 10.5 years (3 cycles) previously the new recruits first recorded
7 years (2 cycles) after harvesting and surviving to the present are identified
in SFUR and transferred to array transfer, marked for deletion from SFUR
and then appended to SFU; marked records are then deleted from SFUR.
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Lines 589-597: user-defined function which calculates the number of new recruits of a
given species following natural disturbances in cycle n-2. The function
stratifies plots according to the degree of disturbance (~ 10 % or >10 %

of total basal area lost in response to disturbance) and then extracts a
probability appropriate to the species/disturbance classification from
array recruit.

Lines 599-607: user-defined function which calculates the number of new recruits of a
given species following harvesting in cycle n-2. The function stratifies
plots according to the degree of disturbance (~ 10 % or >10 % of total
basal area lost in response to disturbance) and then extracts a probability
appropriate to the species/disturbance classification from array recruit.

Procedure HALO
Lines 614-621: sets the environment for the harvesting procedure HALO; cohort list file

(SFU), harvesting control file (HCON), harvest rules file (HRULE) and
harvested cohorts list file (HARVEST) are opened and given aliases
corresponding to their file names; SFU and HARVEST are indexed using a
tag which identifies individual records (Le. by plot, species and cohort
basal area); HRULE is indexed on the species field and HCON is indexed
on the plot identification field.

Lines 624-628: temporary file !ELH is created to hold a listing of the characteristics of all
cohorts which are eligible for harvesting with the criteria for eligibility
being drawn from appropriate fields of HCON and HRULE completed by
the user at the start of the simulation; records are copied from SFU file to
!ELH if a period equal to or greater than the felling cycle has elapsed since
the plot was last harvested (recorded in field yrfell of HCON), if the total
basal area of the plot is equal to or greater than the minimum basal area for
logging to be permitted (variable minba) and if the mean basal area of the
cohort is equal to or greater than the species-specific minimum basal area
for felling, entered in the mfd field of HRULE during the initialization
process.

Lines 631-634: file !ELH is given alias elh and used to created a temporary file STOT to
hold records of the total number of stems available for harvesting grouped
by plot and species; STOT is indexed on plot and species.

Lines 637-648: the records of number of trees available for harvesting in file !ELH are
modified according to harvesting rules entered by the user in the
initialization process as follows: a relation is established between !ELH
and HRULE, !ELH is scanned and for each record the corresponding
record in file STOT is copied to array plotsp in order to obtain a value, x,
for the total number of available stems of the species on the plot; the
number of available stems in the cohort, the total number of available
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stemsof the speciesandtheharvestingrulesfields utilp andnretarethen
directedto functionqharvin orderto derivea figure for thenumberof
stemswhich would beremovedin orderto complywith theharvesting
rulesandthis figure is thenusedto replacefield nkmof !ELH with the
actualnumberof stemsremoved.

Lines 651-661: the detailsof thecohortsharvestedandthe numberof stemsremovedare
transferredto theharvestedsummarytableHARVEST andappropriate
recordsin SFUmodifiedto accountfor harvesting;!ELH is scannedand
recordsidentifiedindividually usingvariable'cohort';thedetailsof each
recordarecopiedto appropriatefields of HARVEST andtheharvestdate
usedto completetheyearhfield; variable'cohort' is thenusedto search
SFUfor the appropriaterecordandthenumberof stemsadjustedto reflect
thenumberremovedduringharvesting.

Lines 664-669: total basalareapersfu is derivedfrom SFUandenteredasfield sfu on
temporaryfile SFUBA; total basalareaof stemsharvestedper plotis
derivedfrom HARVEST andenteredasfield bahon temporaryfile
!HARVBA, which is indexedon sfu andgivenaliasharvba.

Lines 672-678: field losspctof HCON is updatedto containthepercentagelogging
intensity,i.e. thepercentageof total basalarearemovedby logging; for
loggedplots thecurrenttime variableyearcis usedto updatefield yrfell
of HCON with thecurrentyear.

Lines681-684: field nkm of SFUis updatedto reflectmortality of stemsin the 3.5 years
after logging,basedon a regressionfunctioncontainedin user-defined
function logmort.

Lines687-693: total basalareaperplot is recalculatedafterthe adjustmentmadeabove
andplacedin field sbaof temporaryfile PLMBA, which is indexedon plot
identificationnumber;fields sbafrom PLMBA, sbafrom SFUBA andbah
from !HARVBA areusedto derivethepercentageof basalarealost to both
harvestingandpost-loggingmortality perplot, with theoutcomeentered
aslosspcton temporaryfile HLOSS;HLOSSis indexedon plot
identificationnumber.

Lines696-699. fields losspctandsbaof HCON areupdatedfrom files HLOSSand
PLMBA respectivelyto containthepercentageof basalarealost to a
combinationof harvestingandpost-harvesting mortality(field losspct)
andthebasalareaof the standremainingafter3.5 years(field sba).

Lines702-723: user-definedfunction which returnsa figure for thenumberof stemswhich
shouldberemovedfrom a cohortavailablefor harvestingbasedon the
numberof stemsin thecohort(field nkm of !ELH), thetotal numberof
availablestemsof the specieson theplot (variablex derivedfrom STOT),
thepercentage ultilizationof thatspecies(field utilp of HRULE) andthe
numberto beretainedperkm of thatspecies(field nretof HRULE); if a
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